Although sperm serine protease and proteasome have long been believed to play an important role in the fertilization process, the molecular mechanism is still controversial. In this study, we have produced double-knockout mice lacking two sperm serine proteases, ACR and PRSS21, to uncover the functional role of the trypsinlike activity in fertilization. The double-knockout male mice were subfertile, likely owing to the incompleteness of fertilization in the oviductal ampulla. Despite male subfertility, the mutant epididymal sperm exhibited the inability to undergo acrosomal exocytosis on the zona pellucida (ZP) surface and to traverse the ZP, thus resulting in the failure of fertilization in vitro. The double-knockout epididymal sperm were also defective in penetration through the cumulus matrix to reach the ZP. When epididymal sperm were artificially injected into the uterus of wild-type mice, the 2-cell embryos, which had previously been fertilized by double-knockout sperm, were recovered at a low but significant level. The mutant epididymal sperm were also capable of fertilizing the oocytes in the presence of uterine fluids in vitro. These data demonstrate that the trypsinlike protease activity of ACR and PRSS21 is essential for the process of sperm penetration through the cumulus matrix and ZP in vitro, and suggest that the female reproductive tract partially compensates for the loss of the sperm function. We therefore conclude that the sperm trypsinlike activity is still important but not essential for fertilization in vivo in the mouse. cumulus cells, female reproductive tract, fertilization, in vitro fertilization, mouse, oocyte, serine protease, sperm
INTRODUCTION
Mammalian fertilization requires sperm to penetrate the cumulus matrix to reach the zona pellucida (ZP), an extracellular coat structure of the oocyte [1] [2] [3] [4] . In the mouse, the ZP structure is composed of three glycoproteins, ZP1, ZP2, and ZP3 [2] . On the basis of a currently favored model, only capacitated, acrosome-intact sperm enter the oocyte-cumulus complex (OCC), traverse the cumulus matrix, and reach the oocyte ZP, because the acrosome reaction is thought to occur on the surface of ZP [1, 2, 5, 6] . As a consequence of acrosomal exocytosis, the acrosomal components are released from the acrosome and interact with the ZP. Sperm serine proteases are believed to play an important role(s) in the fertilization events, including limited proteolysis of the ZP. Indeed, various trypsin inhibitors markedly inhibit sperm binding to and penetration of the ZP in vitro [7, 8] .
Mouse sperm possess at least two serine proteases, ACR (acrosin) and PRSS21 (testisin/TESP5), that are localized in the acrosome as a matrix protein and on the sperm membrane as a glycosylphosphatidylinositol (GPI)-anchored protein, respectively [9] [10] [11] . Contrary to early expectation, ACR-deficient mice (Acr À/À ) were fully fertile [12] . The loss of ACR resulted in delayed sperm penetration of the ZP at the early stage of fertilization in vitro, possibly owing to the delay in dispersal of acrosomal proteins during the acrosome reaction [12, 13] . Thus, ACR is not essential for fertilization. The same is true for another serine protease, PRSS21, because the mice lacking PRSS21 (Prss21 À/À ) were fertile and yielded normal litter sizes [14] . However, Prss21
À/À epididymal sperm were functionally defective in binding to the ZP, the acrosome reaction on the ZP surface, and fusion with the oocyte in vitro. These data imply that the functions of ACR and PRSS21 in sperm/oocyte interaction may be distinctively different, although the discrepancy between the in vivo and in vitro functions of Acr À/À and Prss21 À/À sperm still remains unclear. It is also puzzling whether other sperm protease(s) besides ACR and PRSS21 are involved in the fertilization process.
In this study, to address the above questions, we have generated ACR/PRSS21 double-deficient mice by crossbreeding Acr À/À mice with Prss21 À/À mice, and examined the function of Acr À/À
/Prss21
À/À sperm. Possible role of the sperm serine protease activity in fertilization is discussed.
MATERIALS AND METHODS
All animal experiments were carried out ethically. Experimentation was in accord with the Guide for the Care and Use of Laboratory Animals at the University of Tsukuba.
Generation of ACR/PRSS21 Double-Deficient Mice
Mutant Acr À/À and Prss21 À/À mice were generated as described previously [12, 14] , backcrossed to ICR mice (Japan SLC Inc., Shizuoka, Japan), and maintained in our laboratory. Acr À/À
/Prss21
À/À mice were obtained by crossbreeding of the Acr À/À and Prss21 À/À mice and then by brother-sister mating of the F1 offspring. Mice were genotyped for Acr and Prss21 null mutations by PCR analysis of tail DNA using the following sets of primers: Acr, 5 0 -GGGAATTCGCCACCATGGGTCCTCCCCAAATACCCCAC-3 0 a nd 5
-T G G G T T C T A C T T C A G C T C A G -3
0 ; A c r mu t a t i o n , 5 0 -TTCTATCGCCTTCTTGACGAGTTCT-3 0 and 5 0 -TGGGTTCTACTTCAG CTCAG-3 0 ; Prss21, 5 0 -ATAGTGGGTGGCGATGATGCTG-3 0 and 5 0 -GCA CTGAGTGAAGAAGCAGAAGA-3 0 ; Prss21 mutation, 5 0 -TCGCCT TCTTGACGAGTTCT-3 0 and 5 0 -GCACTGAGTGAAGAAGCAGAAGA-3 0 .
Antibodies
Polyclonal antibodies against ACR [15] , PRSS21 [11] , ADAM1B [16] , ADAM3 [17] , SPAM1 [18] , and HYAL5 [19] were prepared as described previously. Anti-IZUMO1 [20] , anti-ZP3R (sp56) [21] , and anti-PLCD4 (phospholipase Cd4) [22] antibodies were generously provided by Drs. M. Okabe, G. L. Gerton, and K. Fukami, respectively. Monoclonal antibody against ZP3 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-ADAM2 and anti-phosphotyrosine 4G10 monoclonal antibodies were purchased from Millipore (Billerica, MA). Horseradish peroxidase-conjugated goat antibodies against rabbit, mouse, or rat IgG (H þ L) were purchased from Jackson Immunoresearch Laboratories (West Grove, PA). Alexa Fluor 488-conjugated goat antibody against rabbit or rat IgG and Alexa Fluor 568-conjugated goat antibody against rat or mouse IgG were purchased from Molecular Probes (Eugene, OR).
SDS-PAGE and Immunoblot Analysis
Fresh cauda epididymal sperm of mice (3-5 mo old) were collected in Toyoda-Yokoyama-Hoshi (TYH) medium [23] free of bovine serum albumin (BSA), washed with PBS by centrifugation at 800 3 g for 10 min, and extracted in 20 mM Tris/HCl, pH 7.5, containing 1% Triton X-100, 0.15 M NaCl, and 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) on ice for 6 h [24] . After centrifugation at 13 000 3 g for 10 min, proteins in the supernatant solution were denatured by boiling for 5 min in the presence of 1% SDS and 1% 2-mercaptoethanol, separated by SDS-PAGE, and transferred onto Immobilon-P membranes (Millipore). After blocking with 3% skim milk, the blots were incubated with primary antibodies, and then with horseradish peroxidase-conjugated secondary antibodies. Immunoreactive proteins were detected by an ECL Western blotting detection kit (GE Healthcare, Piscataway, NJ). Protein concentration was determined using a Coomassie protein assay reagent kit (Pierce, Rockford, IL).
Measurement of Enzyme Activity
Cauda epididymal sperm in TYH medium free of BSA were extracted in 20 mM Tris/HCl (pH 7.5) containing 1% Triton X-100, 0.15 M NaCl, and 5 mM p-aminobenzamidine (Sigma-Aldrich) on ice for 2 h, and centrifuged at 10 000 3 g for 10 min at 48C. The supernatant solution was dialyzed against 1 mM HCl to remove p-aminobenzamidine. Enzyme activity was measured using tbutyloxycarbonyl (Boc)-Phe-Ser-Arg-4-methylcoumaryl-7-amide (MCA), BocLeu-Thr-Arg-MCA, and N-succinyl (Suc)-Leu-Leu-Val-Tyr-MCA (Peptide Institute Inc., Osaka, Japan) as substrates, as described previously [12] . The reaction mixture (0.5 ml) consisted of 50 mM Tris/HCl (pH 8.0), 10 mM CaCl 2 , 40 lM substrate, and an appropriate amount of sperm extracts. Following incubation at 308C for 30 min, the reaction was terminated by addition of 0.1 M sodium acetate buffer, pH 4.3 (1.5 ml). The amount of 7-amino-4-methylcoumarin released was fluorometrically measured with excitation at 380 nm and emission at 460 nm, using a VersaFluor fluorometer (BioRad Laboratories, Hercules, CA).
Recovery of Embryos after Mating
BDF1 mice (8-10 wk old, Japan SLC) were superovulated by intraperitoneal injection of equine chorionic gonadotropin (5 units; Aska Pharmaceutical Co., Tokyo, Japan) followed by human chorionic gonadotropin (hCG; 5 units; Aska Pharmaceutical) 48 h later. The female mice were mated for 12 h with male mice immediately after hCG injection. The oviducts were excised from the mice, which formed copulation plugs, 27 or 36 h after hCG injection. Pronuclear-stage or 2-cell embryos were recovered from the oviducts by flushing with TYH medium, fixed in PBS containing 4% paraformaldehyde and 0.5% polyvinylpyrrolidone (PVP), stained with Hoechst 33342 (2.5 lg/ml; Molecular Probes), washed with PBS containing 0.5% PVP, and then observed under an IX-71 fluorescence microscope (Olympus, Tokyo, Japan). Unless otherwise stated, TYH medium contained BSA (4 mg/ml; A3311-10G; Sigma-Aldrich).
Morphological Analysis
Cauda epididymal sperm were dispersed in a 0.2-ml drop of TYH medium free of BSA for 10 min, and capacitated by incubation for 2 h in a 0.2-ml drop of TYH medium containing Hoechst 33342 (2.5 lg/ml) and MitoTracker Green FM (2.7 lg/ml; Molecular Probes) at 378C under 5% CO 2 in air. The sperm samples were fixed with 4% paraformaldehyde in PBS on ice for 30 min, washed with PBS, permeabilized with 0.1% Triton X-100 in PBS for 15 min at room temperature, and washed with PBS. After blocking with PBS containing 1.5% normal goat serum and 0.05% Tween-20, sperm cells were incubated with Alexa Fluor 568-conjugated peanut lectin PNA (3 lg/ml; Molecular Probes) on ice for 1 h, washed with PBS, and then viewed under an IX-71 fluorescence microscope.
Protein Tyrosine Phosphorylation
Cauda epididymal sperm were dispersed in a 0.2-ml drop of modified Krebs-Ringer bicarbonate (mKRB) medium [25] free of CaCl 2 and BSA for 5 min, and suspended in mKRB medium containing CaCl 2 and BSA (4 mg/ml). After incubation at 378C under 5% CO 2 in air, sperm were collected by centrifugation, washed with PBS, resuspended in an SDS sample buffer free from 1% 2-mercaptoethanol, boiled for 5 min, and centrifuged at 13 400 3 g for 5 min. The supernatant solution was transferred into a 1.5-ml microtube, reboiled in the presence of 5% 2-mercaptoethanol for 5 min, and then subjected to immunoblot analysis using antiphosphotyrosine 4G10 monoclonal antibody, as described previously [26] . Blots were blocked with 5% fish gelatin (SigmaAldrich), instead of skim milk.
Spontaneous Acrosome Reaction
Cauda epididymal sperm were dispersed in a 0.2-ml drop of TYH medium free of BSA for 10 min, and incubated in BSA-containing TYH medium at 378C under 5% CO 2 in air. After incubation, sperm cells were transferred into a 1.5-ml microtube, washed with PBS, fixed with 4% paraformaldehyde in PBS on ice for 15 min, stained with 0.04% Coomassie brilliant blue at room temperature for 5 min, washed with PBS, and viewed under an Olympus IX-71 microscope, as described previously [14] . Sperm were also immunoreacted with anti-IZUMO1 antibody, incubated with Alexa Fluor 488-conjugated antibody against rabbit IgG, counterstained with Hoechst 33342, and observed.
Computer-Assisted Semen Analysis
Parameters of sperm motility were quantified by computer-assisted semen analysis (CASA) using an integrated visual optical system (IVOS) software (Hamilton-Thorne Biosciences, Beverly, MA). Briefly, cauda epididymal sperm of mice (3-to 5-mo-old) were capacitated by incubation for 2 h in a 0.1-ml drop of TYH medium at 378C under 5% CO 2 in air. An aliquot of the capacitated sperm suspension was transferred into a prewarmed counting chamber (depth ¼ 20 lm), and more than 200 sperm were examined for each sample using standard settings (30 frames acquired at a frame rate of 60 Hz at 378C), as described previously [27, 28] . Hyperactivated motility of sperm was determined by using the SORT function of the IVOS software [28] . Sperm were classified as hyperactivated when the trajectory met the following criteria: curvilinear velocity (VCL) ! 180 lm/sec, linearity (LIN) 38%, and amplitude of lateral head displacement (ALH) ! 9.5 lm, as described [28] .
In Vitro Fertilization Assay
The OCCs containing metaphase II-arrested oocytes were obtained from the oviductal ampulla of superovulated BDF1 or ICR mice (8-10 wk old; Japan SLC) 14 h after hCG injection, and placed in a 90-ll drop of TYH medium covered with mineral oil. Cauda epididymal sperm of mice (3-5 mo old) were capacitated by incubation in a 0.1-ml drop of TYH medium for 2 h at 378C under 5% CO 2 in air. An aliquot (1.5 3 10 4 cells/10 ll) of the capacitated sperm suspension was mixed with the above 90-ll drop of TYH medium containing the OCCs to give a final concentration of 1.5 3 10 2 sperm/ll. The mixture (0.1 ml) was incubated for 6 h at 378C under 5% CO 2 in air. The fertilized oocytes were treated with bovine testicular hyaluronidase (350 units/ml; SigmaAldrich) for 10 min to remove cumulus cells, fixed in PBS containing 4% paraformaldehyde and 0.5% PVP, and washed with PBS containing 0.5% PVP. The female and male pronuclei in the fertilized oocytes were stained with Hoechst 33342 (2.5 lg/ml), and then viewed under an IX-71 fluorescence microscope, as described previously [14] .
Sperm/ZP Binding Assay
The cumulus-free, ZP-intact oocytes were prepared from the OCCs by treatment with bovine testicular hyaluronidase for 15 min, washed with TYH medium, and placed in a 90-ll drop of TYH medium covered with mineral oil, as described above. Capacitated epididymal sperm (3 or 5 3 10 4 cells/10 ll) were mixed with the 90-ll drop containing the cumulus-free oocytes and 2-cell 360 embryos, and the mixture (0.1 ml) was incubated for 30 min at 378C under 5% CO 2 in air. The oocytes were transferred to a 0.1-ml drop of TYH medium, washed by rotary shaking or pipetting to remove loosely bound and unbound sperm, fixed in PBS containing 4% paraformaldehyde and 0.5% PVP for 15 min, and washed with PBS containing 0.5% PVP. The ZP surface-binding sperm were immunoreacted with anti-IZUMO1 antibody, incubated with Alexa Fluor 488-conjugated antibody against rabbit IgG, and counterstained with Hoechst 33342. The numbers of acrosome-reacted and acrosome-intact sperm tightly bound to the ZP were counted under an IX-71 fluorescence microscope, as described previously [14, 29] . The 2-cell embryos were used as an internal negative control for nonspecific and loose sperm binding, and the average number of bound sperm per 2-cell embryo was less than 1.0 under the above conditions.
Sperm/Oocyte Fusion Assay
The cumulus-free, ZP-intact oocytes were lightly treated with acid Tyrode (Sigma-Aldrich) and washed with TYH medium, as described previously [14] . After removal of the ZP, the oocytes were treated with Hoechst 33342 (1 lg/ ml) for 10 min and washed three times with TYH medium. The Hoechstlabeled, ZP-free oocytes in a 90-ll drop of TYH medium were mixed with capacitated epididymal sperm (1.5 3 10 4 cells/10 ll), and the mixture (0.1 ml) was incubated for 30 min at 378C under 5% CO 2 in air. The oocytes were washed with PBS containing 0.5% PVP, fixed in PBS containing 0.25% glutaraldehyde and 0.5% PVP, and then observed under an IX-71 fluorescence microscope.
Sperm/ZP Penetration Assay
The OCCs of superovulated CD9-deficient (Cd9 À/À ) mice [30] in a 90-ll drop of TYH medium were mixed with capacitated epididymal sperm (1.5 3 10 4 sperm/10 ll). After incubation for 6 h at 378C under 5% CO 2 in air, the oocytes were treated with bovine hyaluronidase, fixed in PBS containing 4% paraformaldehyde and 0.5% PVP, and washed with PBS containing 0.5% PVP. The sperm nuclei within the perivitelline space of oocytes were stained with Hoechst 33342 (2.5 lg/ml), and then observed under an IX-71 fluorescence microscope. Sperm penetration of the oocyte ZP was also examined by scanning electron microscopy. Briefly, the OCCs of superovulated ICR mice in a 90-ll TYH drop were mixed with capacitated epididymal sperm (1.5 3 10 4 sperm/10 ll), and the mixture (0.1 ml) was incubated for 1 h at 378C under 5% CO 2 in air. The OCCs were treated with bovine hyaluronidase, and then fixed in PBS containing 1% glutaraldehyde and 0.5% PVP for 1 h at 48C. After washing with 0.1 M sodium phosphate buffer, pH 7.4, the oocytes were put on a poly-L-lysine-coated coverslip, treated successively with 1% OsO 4 , 1% tannin acid, and then 1% OsO 4 in the above phosphate buffer for 10 min at 48C, and dehydrated in increasing concentrations of ethanol (50%-99%). The dehydrated samples were dried in liquid CO 2 using a critical-point drying apparatus (HCP-2; Hitachi Co., Tokyo, Japan), transferred onto a stub with carbon tape, coated with gold in a quick coater (SC-701; Sanyu Electron Co., Tokyo, Japan), and then observed under a field emission scanning electron microscope (JSM-6301F; Jeol Co., Tokyo, Japan) at a working distance of 13 mm and an accelerating voltage of 5 kV.
Cumulus Cell Dispersal Assay
The OCCs in a 90-ll TYH drop were mixed with capacitated epididymal sperm (1.5 3 10 4 sperm/10 ll) or sperm protein extracts (3 lg/10 ll). The mixture (0.1 ml) was incubated at 378C under 5% CO 2 in air, and then observed under an IX-71 microscope, as described previously [31] .
Sperm/Cumulus Penetration Assay
Cauda epididymal sperm were incubated in a 0.2-ml drop of TYH medium containing Hoechst 33342 (2.5 lg/ml) for 10 min at 378C, and then capacitated by incubation for 2 h in a 0.1-ml drop of TYH medium at 378C under 5% CO 2 in air. An aliquot (1.5 3 10 4 sperm/10 ll) of the capacitated sperm suspension was mixed with the OCCs in a 90-ll TYH drop, and the mixture (0.1 ml) was incubated at 378C under 5% CO 2 in air. The OCCs and sperm were transferred to a 0.1-ml drop of fresh TYH medium, fixed by addition of PBS (0.1 ml) containing 8% paraformaldehyde and 1% PVP for 15 min, and washed with PBS containing 0.5% PVP. The oocyte ZP was stained with anti-ZP3 monoclonal antibody and Alexa Fluor 488-conjugated goat antibody against rat IgG. The OCC samples were lightly squashed, keeping a space of 80 lm between a glass slide and coverslip, and then observed under an IX-71 fluorescence microscope, as described previously [31, 32] . Fluorescence images were captured as vertical sections (3-lm intervals) using a Z-axis motor (Mac5000, Ludl Electric Products, Hawthorne, NY), processed by MetaMorph software (Universal Imaging Co., Downingtown, PA), and then stacked into one picture, as described previously [33] .
Preparation of Ejaculated Sperm and Uterine Fluids
Female ICR mice (8 wk old) were mated with male mice 10-12 h after hCG injection. The uterine tissues were excised 30 min after mating. Sperm (1-5 3 10 6 cells) deposited in the uterus were recovered, placed in a drop of TYH medium, and incubated for 90 min at 378C under 5% CO 2 in air. The sperm samples were then subjected to in vitro fertilization (IVF) assays, as described above. Uterine fluids were prepared from the superovulated ICR mice without mating by flushing the uteri with cold 10 mM Tris/HCl, pH 7.4, as described previously [14] . After centrifugation at 13 400 3 g for 10 min at 48C, the supernatant solution was used as ''uterine fluids.''
Artificial Insemination
Female ICR mice were artificially inseminated with cauda epididymal sperm 10 h after hCG injection. Briefly, an aliquot (10 ll) of epididymal sperm suspension (5 3 10 5 cells/ll) was injected into the uterus at a distance of approximately 1 cm from the uterotubal junction using a glass microcapillary pipette. The oviducts were excised 24 h after the sperm injection. The unfertilized oocytes and 2-cell embryos were recovered from the oviducts by flushing with TYH medium and observed under an Olympus IX-71 microscope, as described previously [14] .
Statistical Analysis
Data are presented as mean values 6 standard error of the mean (n ! 3) unless otherwise stated. The Student t-test was used for statistical analysis; significance was assumed for P , 0.05.
RESULTS
To elucidate the functional role of sperm serine protease in fertilization further, we produced mutant mice lacking both ACR and PRSS21 (Acr
) by crossbreeding of Acr À/À and Prss21 À/À mice. The genotypes of wild-type
). and homozygous (Acr À/À or Prss21 À/À ) mice for the mutations of Acr and Prss21 were identified by PCR of tail genomic DNA, as described previously [12, 14] . Immunoblot analysis of Triton X-100-solubilized protein extracts from Acr
À/À epididymal sperm verified the absence of ACR and PRSS21 (Fig. 1A) . We also examined the presence of eight other proteins involved in the known sperm functions (Fig. 1A and Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). The levels of HYAL5 [31] and SPAM1 [18] which act as GPI-anchored hyaluronidases, ADAM1B [16] , ADAM2 [34] , ADAM3 [24, 35] , and ZP3R [21] (known as ZP-binding proteins), IZUMO1 (which is responsible for sperm/oocyte fusion) [20] , and PLCD4 which is involved in the acrosome reaction induced by the ZP [22] , were similar between the wild-type and Acr
À/À sperm, confirming that the mutant sperm normally contain these eight proteins. When the protease activity of sperm extracts was measured using Boc-Phe-Ser-Arg-MCA, Boc-Leu-Thr-Arg-MCA, and Suc-Leu-Leu-Val-Tyr-MCA as substrates, the levels of trypsinlike and chymotrypsinlike enzymes were negligibly low in Acr
À/À sperm (Fig. 1B) . Thus, ACR and PRSS21 may be the most predominant forms of trypsinlike protease in mouse epididymal sperm.
Mating of Acr
, and Acr
À/À male mice to wild-type females yielded litter sizes similar to those obtained by the wild-type pairs (Fig. 1C) . When Acr
À/À males were crossed with wild-type females, these females were all pregnant but had approximately 50% reduced litter sizes. To examine the reason for the reduced fertility of Acr
À/À males, we recovered fertilized
oocytes from the oviducts 15 and 24 h after natural mating between the wild-type females and wild-type or Acr
À/À males ( Fig. 1D and Supplemental Fig. S2 ). The pronuclear and 2-cell stage embryos, which had been fertilized by the wild-type sperm, were retrieved at very high levels (.91%). In the case of Acr
À/À sperm, the levels of these two embryos were significantly lower (,36%) than levels found in the wild-type sperm. These results demonstrate the subfertility of Acr
À/À male mice. It is also suggested that the male subfertility may be caused by the incompleteness not of embryonic development but of fertilization, because all ovulated oocytes are not fertilized by ejaculated Acr
À/À sperm in the oviduct (Fig. 1D ). We next characterized the function of Acr
cauda epididymal sperm in vitro. Morphological analysis indicated no significant difference in the shapes, numbers, and sizes of epididymal sperm between wild-type and Acr
À/À sperm ( Fig. 2A) . To examine motility of Acr
À/À sperm, we carried out CASA of capacitated epididymal sperm (Table 1 ). All parameters, including those in progressive motility, rapid motility, average path velocity, and ALH, were similar between wild-type and Acr
À/À sperm. CASA also revealed that Acr
sperm exhibit hyperactivated motility, similarly to wild-type sperm. When sperm capacitation was assessed by tyrosine phosphorylation of sperm proteins, the degree of protein phosphorylation was delayed in Acr (Fig.  2B) . Delayed protein tyrosine phosphorylation was also found in wild-type sperm in the presence of p-aminobenzamidine, a competitive inhibitor of serine protease [7] (Supplemental Fig.  S3 ). Moreover, spontaneous acrosome reaction of sperm and subsequent dispersal of acrosomal proteins from the acrosome were examined by staining sperm with anti-IZUMO1 antibody and Coomassie brilliant blue (Fig. 2C) . The IZUMO1-immunoreactive signals were detected in the acrosomal cap and entire head regions of acrosome-reacting and acrosomereacted sperm, respectively, whereas acrosome-intact sperm gave no signal under the experimental conditions employed in this study [14, 20, 29] . We counted only sperm containing the IZUMO1-positive signal on the entire head region. Although the ratio of spontaneously acrosome-reacted sperm increased as incubation time elapsed, no significant difference was found between wild-type and Acr
À/À sperm. Importantly, dispersal of acrosomal proteins from the acrosome was significantly delayed in Acr
À/À epididymal sperm appear normal in morphology, motility, hyperactivation, and spontaneous acrosome reaction, except for the delays in protein tyrosine phosphorylation and protein dispersal from the acrosome.
Unexpectedly, IVF assays revealed the failure of Acr À/À / Prss21 À/À epididymal sperm to fertilize the cumulus-intact, metaphase II-arrested oocytes (Fig. 3A) . The loss of both ACR and PRSS21 also resulted in a diminished ability to bind the ZP (Fig. 3B and Supplemental Fig. S4 ). To examine whether sperm undergo the acrosome reaction on the ZP surface, ZPbinding sperm were immunostained with anti-IZUMO1 antibody, as described above. No Acr
À/À sperm underwent the acrosome reaction on the ZP surface when 
/Prss21
À/À mice. A) Immunoblot analysis of protein extracts from cauda epididymal sperm. The blots were probed using antibodies against sperm proteins indicated (also see Supplemental Fig. S1 ). WT, wild-type; DKO, double-knockout. B) Total trypsinlike and chymotrypsinlike activities in sperm protein extracts. Cauda epididymal sperm from WT and DKO mice were extracted with Triton X-100, and the enzyme activity was measured using Boc-Phe-Ser-Arg-MCA (FSR), Boc-Leu-Thr-Arg-MCA (LTR), and Suc-Leu-Leu-Val-Tyr-MCA (LLVY) as substrates (n ¼ 3). The differences in the total activities between WT and DKO sperm are significant when FSR (P , 0.0001) and LTR (P , 0.05) were used. C) Fertility of DKO males. Male mice (3 mo old) were mated with wild-type females (8-to 10-wk-old) for 3 wk. Total numbers of males tested are indicated in parentheses. The difference in the numbers of litter size between WT and DKO males is significant (P , 0.0001). D) Recovery of pronuclear-stage and 2-cell embryos after mating. Female mice were mated with males immediately after hCG injection. After checking the copulation plug, the oviducts were excised from the mice 27 or 36 h after hCG injection. Pronuclear-stage and 2-cell embryos were recovered from the oviducts by flushing with TYH medium, fixed with paraformaldehyde, stained with Hoechst 33342, and then observed. Data are expressed as the ratios of pronuclear-stage or 2-cell embryos/total recovered embryos indicated in parentheses (n ! 4). Note that in the case of WT, the embryos recovered from the oviduct 27 h after hCG injection were all at the pronuclear stage. The differences in the numbers of pronuclear-stage or 2-cell embryos between WT and DKO mice are significant (P , 0.0001).
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cumulus-free, ZP-intact oocytes were inseminated at the concentrations of 300 and 500 sperm/ll ( Fig. 3B and Supplemental Fig. S4 ). We then carried out sperm/ZP penetration assays using the cumulus-intact oocytes lacking CD9 [30] . Epididymal sperm, which had penetrated the ZP, were pooled in the perivitelline space of Cd9 À/À oocytes, because CD9 is responsible for the sperm/egg fusion process. Although more than 12 wild-type sperm per Cd9 À/À oocyte were pooled in the perivitelline space, Acr À/À /Prss21 À/À sperm were incapable of passing through the ZP (Fig. 3C and Supplemental Fig. S5) . Moreover, the ability of Acr
À/À sperm to fuse with the cumulus-and ZP-free oocytes from wild-type mice was severely reduced (Fig. 3D and Supplemental Fig. S6 ). These data show the defects of Acr
À/À sperm in binding to the ZP structure, acrosomal exocytosis on the ZP surface, penetration through the ZP, and fusion with the oocyte in vitro.
We also carried out scanning electron microscope analysis of the ZP surface following 60 min of incubation of Acr
À/À epididymal sperm with the OCCs of wild-type mice (Fig. 4) . As described previously [1] , some holes, so-called ''sperm tracks,'' which had been presumably undermined by sperm passing through the ZP, were present on the ZP surface (Fig. 4, a and b) . Indeed, we found a wild-type sperm that had already stuck the head into the hole (Supplemental Fig. S7 ). In Acr À/À
/Prss21
À/À sperm, no clear hole was found in the close vicinity of the sperm head present on the ZP surface (Fig. 4, c  and d) . Thus, Acr À/À
À/À epididymal sperm are incapable of traversing the ZP in vitro, presumably because of the failure of the acrosome reaction on the ZP surface and the loss of a sperm tool(s) to attack the ZP (Figs. 3 and 4) .
In a previous paper [31] , we found that p-aminobenzamidine inhibits sperm entry into the OCC and subsequent sperm penetration through the cumulus matrix at a concentration of 1 mM. To examine whether the loss of ACR and PRSS21 affects dispersal of cumulus cells from the OCC, Triton X-100-solubilized protein extracts from epididymal sperm were mixed with the OCCs, and cumulus cell dispersal was monitored (Fig.  5) . Very gradual release of cumulus cells from the OCCs was observed in the absence of the protein extracts, likely because of cumulus matrix loosening [6] . Cumulus cells were readily dispersed by the protein extracts of wild-type sperm, and the oocytes completely lost cumulus cells 90 min after addition of the sperm extracts. Consistent with the inhibitory effect of paminobenzamidine [31] , cumulus cell dispersal was significantly delayed by the presence of Acr À/À /Prss21 À/À sperm 
À/À (DKO) mice were stained with Hoechst 33342 (blue), MitoTracker Green FM (green), and Alexa Fluor 568-conjugated peanut lectin PNA (red). Original magnification 3400. B) Protein tyrosine phosphorylation. Epididymal sperm were dispersed in mKRB medium free from CaCl 2 and BSA, and suspended in mKRB medium containing CaCl 2 and BSA. After incubation for 30, 60, and 120 min, sperm proteins were analyzed by immunoblotting using antiphosphotyrosine 4G10 monoclonal antibody. C) Spontaneous acrosome reaction. Epididymal sperm were dispersed in BSA-free TYH medium and incubated in BSA-containing TYH medium. After staining with anti-IZUMO1 antibody and Coomassie brilliant blue (CBB), acrosome-reacted (AR) sperm were counted (n ¼ 3). Note that DKO sperm still possess acrosomal proteins stained with CBB even at the 120-and 180-min stages. The differences in the ratios of AR sperm at these two stages are significant between WT and DKO sperm (P , 0.05), when the acrosome is stained with CBB. 
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extracts. Even at the 120-min stage, some oocytes still retained cumulus cells. We also monitored cumulus cell dispersal using capacitated epididymal sperm (Fig. 6 ). Wild-type sperm almost completely denuded the oocytes in the OCCs 90-120 min after insemination, as described previously [18, 19, 31] . The delay of cumulus cell dispersal in Acr À/À /Prss21 À/À sperm was observed more clearly than found when the sperm extracts were used; most of the OCCs still retained cumulus cells 
/Prss21
À/À mice. Prior to assays, epididymal sperm were capacitated by incubation for 2 h in TYH medium at 378C under 5% CO 2 in air. All assays were carried out at a concentration of 150 sperm/ll (300 sperm/ll for sperm/ZP binding assays). The numbers in parentheses indicate those of the oocytes examined. A) IVF. Capacitated wild-type (WT) and Acr
À/À (DKO) sperm were incubated for 6 h with the cumulus-intact oocytes (n ¼ 9). The difference in the number of fertilized oocytes is significant between WT and DKO sperm (P , 0.0001). 364 abundantly even at the 240-min stage. Moreover, p-aminobenzamidine strongly inhibited cumulus cell dispersal by wildtype sperm. These data imply the involvement of ACR and/or PRSS21 in sperm penetration through the cumulus matrix in vitro.
Because the motility of Acr (Table 1) , the delay of cumulus cell dispersal (Figs. 5 and 6) may reflect a diminished capacity of the mutant sperm to penetrate the cumulus matrix. To test this possibility, epididymal sperm were labeled with Hoechst 33342, capacitated, and incubated with the OCCs (Fig. 7A) . Sperm within the cumulus matrix and on the oocyte ZP were counted 15 and 30 min after insemination (Fig. 7B) . We also examined the OCCs 60 min after insemination. However, the data obtained were excluded because a large number of cumulus cells had already broken away from the OCCs inseminated with wild- 
/ Prss21
À/À (DKO) mice were mixed with the OCCs in the absence or presence (þ) of 1 mM p-aminobenzamidine (pAB) at a concentration of 150 sperm/ll. After incubation, the OCCs were observed microscopically. The OCCs were also incubated in the absence of sperm as a control (''Sperm free''). Bar ¼ 300 lm.
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type sperm (Fig. 6) . Wild-type sperm readily entered the OCC, penetrated the cumulus matrix, and reached the ZP surface. The numbers of wild-type sperm in the cumulus matrix and on the ZP at the 15-min stage were similar to those at the 30-min stage. Intriguingly, Acr À/À
/Prss21
À/À sperm were barely found in the cumulus matrix at the 15-min stage. At the 30-min stage, the numbers of Acr À/À
À/À sperm in the cumulus matrix and on the ZP increased, but were still significantly smaller than those of wild-type sperm. Thus, either one or both of ACR and PRSS21 may function in sperm penetration through the cumulus matrix to reach the ZP. It is also suggested that the low abundance of Acr
À/À sperm in the cumulus matrix may be due to possible involvement of the sperm trypsinlike protease activity in initial sperm entry into the OCC.
Although Acr À/À /Prss21 À/À epididymal sperm failed to fertilize the oocytes in vitro (Fig. 3) , the mutant male mice were fertile with reduced litter sizes (Fig. 1) . To account for the discrepancy between the in vivo and in vitro functions of Acr À/À
À/À sperm, we characterized ejaculated sperm that were recovered from the uterus 30 min after mating (termed ''uterine sperm''). Importantly, Acr 
À/À epididymal sperm were also capable of fertilizing the oocytes in the presence of uterine fluids at a similar rate (;20%; Fig. 8B ). When wild-type female mice were artificially inseminated by direct injection of epididymal sperm into the uterus, the ratio of 2-cell embryos per total of unfertilized oocytes and 2-cell embryos retrieved from the oviduct was ;20% in Acr
À/À sperm (Fig. 8C) . We then carried out competitive artificial insemination assays using an equally mixed cell population of wild-type and Acr À/À
À/À epididymal sperm (Fig. 8D) . PCR analysis showed that 8 out of 23 embryos (35%) recovered from the oviduct 2 days after injection possess the wild-type and mutated alleles, supporting that Acr À/À
À/À sperm are inferior to wild-type sperm in the ability to fertilize the oocytes in vivo. These results demonstrate that the infertility of Acr
epididymal sperm in vitro is partially rescued during sperm transport through the female reproductive tract. Moreover, TYH medium used for IVF assays may be incomplete for Acr
À/À epididymal sperm, suggesting that the medium presumably lacks an unknown uterine molecule(s) that compensates for the in vitro infertility of the epididymal sperm.
DISCUSSION
This paper provides evidence that the trypsinlike activity of mouse serine proteases, ACR and PRSS21, is indispensable for fertilization in vitro, but is not essential in vivo. Our previous works [12, 14] indicate that the respective single-knockout males of Acr À/À and Prss21 À/À mice are fully fertile and yield normal litter sizes. The double-knockout mice, however, show the male subfertility that is presumably caused by the incompleteness of fertilization in the oviductal ampulla (Fig.  1) . Despite the male subfertility, Acr
À/À epididymal sperm have failed to fertilize cumulus-intact oocytes in vitro, mainly because of the inability to traverse the oocyte ZP (Figs.  3 and 4) . The mutant sperm are also defective in penetration through the cumulus matrix (Figs. 5-7) . Because the infertility of Acr
À/À epididymal sperm is partially rescued by exposure to uterine fluids (Fig. 8) , there is a compensatory mechanism for the loss of ACR and PRSS21 at least in the uterus. Nevertheless, the presence of either ACR or PRSS21 in mouse sperm promises to produce the normal litter sizes in vivo [12, 14] .
Epididymal sperm of Acr À/À mice are known to display delayed release of acrosomal components from the acrosome during acrosomal exocytosis [13] (Table 2 ). We previously suggested that the defect may be correlated with the delay in sperm penetration of the oocyte ZP and subsequent fertilization in vitro only at the early stages after insemination [4, 10] . Prss21 À/À epididymal sperm also have some functional disorders in vitro [14] (Table 2) . Notably, the ability of Prss21 À/À sperm to undergo the acrosome reaction induced on the ZP surface is severely impaired, probably resulting in a low rate of sperm penetration through the ZP, as described above. Male mice lacking PRSS21 have been also generated by two other laboratories of Lexicon Genetics (Woodlands, TX; http:// korepository.taconic.com/) and Dr. T. M. Antalis [36] (no phenotype is described in the literature of the above homepage). Despite the structural and functional defects of cauda epididymal sperm, the Prss21 À/À mice apparently exhibit normal fertility and produce normal litter sizes when bred by continuous mating (reduced fertility under short-time mating) [36] . Prior to studying Acr À/À
/Prss21
À/À mice, we hypothesized that the double-knockout males are completely fertile, according to the fertility of Acr À/À and Prss21 À/À males [12, 14] . In addition, the ability of Acr À/À
À/À epididymal sperm to penetrate the ZP was assumed to be the same as that of Prss21 À/À sperm, because the loss of ACR present in the acrosome does not influence sperm penetration through the ZP, except for the time delay [12] .
Contrary to the above expectations, Acr
À/À males are subfertile (Fig. 1) , and the mutant sperm are incapable of 
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penetrating the ZP in vitro (Figs. 3 and 4) . These data imply that ACR and PRSS21 may compensate for the respective functions in vivo and in vitro. This speculation appears to be supported by the similarity in the substrate specificity and inhibitor sensitivity between these two enzymes, although there are several noticeable differences [11] . It is also possible that ACR and PRSS21 functionally interact with each other in the fertilization process. Indeed, ACR is capable of greatly accelerating the activation of PRSS21 in vitro [8] . On the basis of the experimental data concerning Acr À/À [12] , Prss21 À/À [14] , and Acr À/À /Prss21 À/À mice (this study), delayed penetration of Acr À/À sperm through the ZP may be explained by an insufficient amount of enzymatically active PRSS21 rather than by the delay in dispersal of acrosomal components from the acrosome during acrosomal exocytosis. Moreover, the diminished ability of Prss21 À/À sperm to traverse the ZP may be attributed to retention of ACR in the acrosome, owing to the defect in acrosomal exocytosis. In the case of Acr
À/À mice, the mutant sperm may possess no tools to penetrate the ZP except for sperm motility, and hence may cause the failure of sperm/ZP penetration at least in vitro.
Intriguingly, we found that Acr À/À /Prss21 À/À epididymal sperm exhibit the delay in penetration through the cumulus matrix to reach the ZP (Figs. 5-7) . Sperm hyaluronidase has long been believed to participate in sperm penetration through the cumulus matrix containing hyaluronan [1] . However, our previous works [18, 31] using male mice deficient in either one of two sperm hyaluronidases, SPAM1 and HYAL5 (Spam1 ), conclusively showed that neither of these hyaluronidases is indispensable for fertilization. Notably, no significant difference in the sperm functions between wild-type and Hyal5
À/À mice was found [31] . We also demonstrated that in the presence of the hyaluronidase inhibitor apigenin [37] [38] [39] , mouse epididymal sperm normally enter the OCC, traverse the cumulus matrix, reach the ZP, and fertilize the oocyte in vitro [32] , suggesting that the hyaluronan-degrading activity of sperm hyaluronidases may not be required for fertilization. Noteworthy is that Spam1 À/À sperm are distinguished from wild-type and Hyal5 À/À sperm by both increased accumulation on the OCC surface and delayed penetration through the cumulus matrix at the early stages after insemination [31] . As shown in Figure 7 , Acr 
/Prss21
À/À (uDKO) mice were recovered from the uterus after mating. The uterine sperm were then subjected to IVF assays, using capacitated cauda epididymal sperm (eWT) of wild-type mice as a control (n ¼ 3). B) IVF assays of cauda epididymal sperm in the presence of uterine fluids. Capacitated epididymal sperm of WT and DKO mice were incubated with cumulus-intact oocytes in the absence or presence of uterine fluids (UF) at a final concentration of 0.25 lg/ll (n ¼ 3). C) IVF and artificial insemination (AI) assays of cauda epididymal sperm. An aliquot of epididymal sperm suspension from WT and DKO mice was injected into the uterus 10 h after hCG injection (n ¼ 4). The unfertilized oocytes and 2-cell embryos were recovered from the oviducts 24 h after sperm injection. The remainder of the epididymal sperm suspension was subjected to IVF assays. D) Competitive AI assays. An equally mixed cell population of WT and DKO epididymal sperm was artificially injected into the uteri of three female mice. Twenty-three embryos were recovered from the oviduct 2 days after sperm injection, and then subjected to PCR analysis. As controls, only WT (W) or DKO (D) epididymal sperm were also injected into the uteri. WT and KO indicate the wild-type and mutated alleles, respectively. similarity with Spam1 À/À sperm in the capability to penetrate the cumulus matrix, although no obvious accumulation of Acr À/À
À/À sperm on the OCC surface was observed. Thus, consistent with the inhibitory effect of p-aminobenzamidine ( Fig. 6 and [31] ), the protease activity of ACR and/or PRSS21 may act on sperm penetration through the cumulus matrix, possibly in cooperation with SPAM1. Future works should focus on the interaction of ACR and PRSS21 with the cumulus and with SPAM1 and HYAL5, using epididymal sperm of Acr
, and Prss21
À/À mice. It is also necessary to reassess the timing of acrosomal exocytosis in sperm entry into the OCC and penetration through the cumulus matrix, because ACR is localized in the acrosome.
The infertility of Acr À/À /Prss21 À/À epididymal sperm in vitro is partially restored by exposure to the uterine environment (Figs. 3 and 8) . Our data imply that seminal plasma proteins may not be essential for the restoration because the IVF rate of Acr À/À
À/À epididymal sperm in the presence of uterine fluids is comparable to that of the uterine sperm (Fig. 8) . Following direct injection of the mutant epididymal sperm into the uterus, the 2-cell embryos were recovered from the oviduct at a similar level (Fig. 8) . Thus, the discrepancy between the in vitro and in vivo functions of Acr À/À
À/À sperm may be explained by the lack of a uterine factor(s) in TYH medium used for IVF assays. To clarify whether the uterine factor corresponds to a trypsinlike serine protease present in the uterus and how Acr À/À
À/À sperm acquire or restore the ability to penetrate the oocyte ZP, purification and characterization of the uterine factor are currently underway in our laboratory. In addition to uterine fluids, effects of oviductal fluids on the sperm functions remain to be examined.
We previously reported that epididymal sperm lacking only PRSS21 are defective in fertilizing the oocytes in vitro (IVF rate ¼ ;10%), whereas the reduced fertility is restored by artificial insemination of the epididymal sperm into the uterus at a level similar to that found in the wild-type control [14] . The IVF rate of uterine sperm was also similar between the wild-type and Prss21 À/À mice [14] . One might imagine that a remarkably lower rate of IVF in Acr À/À
À/À uterine sperm (Fig. 8) 
than in Prss21
À/À uterine sperm [14] is correlated with the delay in sperm penetration through the cumulus matrix and oocyte ZP (Figs. 6 and 7) . However, this possibility seems unlikely, because enough incubation time (6 h) is given for the IVF assays (Fig. 8) . In some experiments, we have partially characterized the status of the acrosome in uterine sperm (Supplemental Fig. S8) . Surprisingly, both wildtype and Acr À/À
/Prss21
À/À uterine sperm were mostly acrosome-intact (acrosome-reacted sperm ¼ 21.4% 6 1.1%, 2.1% 6 0.3%, and 1.9% 6 0.5% for capacitated wild-type epididymal sperm, wild-type uterine sperm, and Acr À/À / Prss21 À/À uterine sperm, respectively; n ¼ 3) and barely underwent the acrosome reaction on the surface of ZP. These results are incompatible with a generally accepted model of mammalian fertilization [1, 2, 5, 6] , because wild-type and Acr À/À
À/À uterine sperm are capable of fertilizing the oocytes at the levels of over 90% and 20% in vitro, respectively (Fig. 8) . These results apparently imply that the acrosome reaction on the ZP surface may be important but may not be absolutely necessary for sperm penetration through the oocyte coat, at least in vitro. Indeed, PLCD4-deficient sperm fertilize the oocytes at a low rate in vivo, although the mutant epididymal sperm fail to undergo the ZP-induced acrosome reaction in vitro [22] .
Collectively, we conclude that the trypsinlike serine protease activity of ACR and PRSS21 is not essential for the fertilization process in vivo. The loss of the sperm protease activity in Acr À/À
À/À sperm is compensated for by sperm transport through the female reproductive tract. The compensation appears incomplete for Acr À/À
À/À ejaculated sperm, probably leading to male subfertility in the Acr À/À / Prss21 À/À mice. Again, one might expect that based on competitive artificial insemination assays (Fig. 8) , the reduced fertility of Acr À/À
À/À sperm may result from the delayed fertilization. However, the fertilization rate does not exceed ;20% when only the mutant epididymal sperm are artificially injected into the uterus (Fig. 8) . Therefore, the male subfertility in Acr À/À
À/À mice may not be explained only by the time delay in the fertilization process. At any rate, it is intriguing that the female reproductive tract allows for fertilization in vivo even if the epididymal sperm are incapable of fertilizing the oocytes in vitro.
